Introduction
Brush cells, also termed tufted, caveolated, or fibrovesicular cells, represent a distinct population of epithelial cells scattered throughout the surface epithelium of the respiratory (1-5) and alimentary tract and its appendages (6-11). These cells are distinguished from adjacent epithelial cells by the presence of an apical tuft of stiff microvilli and extremely long microvillar rootlets (23). Furthermore, microvilli extend from the basolateral cell surface of brush cells (9).
Brush cells can be identified at the light microscopic level by immunostaining with antibodies to villin and fimbrin, two actinbinding proteins of intestinal microvilli that cross-link actin filaments to form bundles (12). In the rat gastrointestinal system, brush cells are particularly abundant in the cardiac region of the stomach, the large bile ducts, including the neck of the gallbladder, and in the large excretory ducts of the pancreas and salivary glands. This particular location of brush cells in conjunction with some ultrastructural features of these cells shared by taste cells led to the suggestion that brush cells might serve as chemoreceptors (9) that NADPH-diaphorase. This NADPH-oxidizing activity was previously shown to be mediated by a specific domain of the sequence of the NOS. NADPH, in turn, appears to be delivered by glucose-6-phosphate dehydrogenase, which we found in brush cells at particularly high levels. We conclude that brush cells of the stomach and pancreas may represent a specialized population of paracrine cells that use nitric oxide as a messenger molecule to control certain gastrointestinal functions. (JHistochem Cytochem 42131 7-1321,1994) KEY WOWS: NO synthase; Glucose-6-phosphate dehydrogenase; Immunocytochemistry; Enzyme histochemistry; Brush cells; Rats. play a role in certain aspects of gastric motility and the flow of bile pancreatic juice, and saliva into the gactrointestinal tract. However at present it is unknown how brush cells could fulfill such func tions, because in the alimentary tract they do not contain secretor) granules or transmitter vesicles and do not display any association with mucosal nerve fibers.
Stimulated by recent reports on nitric oxide (NO) as a potential gaseous messenger molecule implicated in a number of diverse physiological processes (for review see [13] [14] [15] , we wanted to determine whether brush cells contain enzymes involved in NO production. The demonstration of NO-producing enzymes in brush cells would provide a first clue to the long-sought function of this widespread epithelial cell type.
In vertebrates, NO is generated enzymatically from the amino acid arginine by a family of enzymes called nitric oxide synthases (NOS), which are cytochrome P450 enzymes (14-16). Oxidation of a terminal guanidino nitrogen of arginine requires, in addition to other co-factors, reduced adenine dinucleotide phosphate (NADPH; for review see 15) . NADPH may be supplied in NOproducing cells by the pentose phosphate pathway. However, this issue has not been addressed thus far.
In the present study we provide evidence that brush cells of the alimentary tract display strong immunoreactivity specific for NOSand NADP-linked glucose-6-phosphate dehydrogenase (G6PD, a regulatory enzyme of the pentose-phosphate pathway). Brush cells 1317 also exhibit high activity levels of G6PD and NADPH-diaphorase (NADPH-d, also known as cytochrome c-P450 reductase). From these observations we conclude that brush cells control certain gastrointestinal functions by using NO as a gaseous messenger molecule.
Materials and Methods
Enzyme Histochemistry. The stomach and pancreas of six adult Wistar rats were fixed at room temperature (RT) for 40 min by transcardial perfusion with 2% or 4% formaldehyde dissolved in PBS. pH 7.4. containing 7.5% (wlv) sucrose. Animals were then perfused for 40 min with PBS containing 10% sucrose. Small tissue pieces were snap-frozen in propane cooled with liquid nitrogen. Cryostat sections 6 pm thick were mounted on RT glass slides.
NADPH-d activity was localized by incubating the sections for 15-60 min at 30'C with a medium containing 1.5 mM NADPH (Boehringer; Mannheim. Germany), 1.5 mM terranitroblue tetrazolium chloride (TNBT: Serva, Heidelberg, Germany). 5% polyvinyl alcohol (PVA; polyviol G04/140; Wacker-Chemic. Munich, Germany) in 0.05 M Hepes buffer, pH 7.5. For localization of G6PD activity the sections were incubated for 15-60 min at 30'C in a medium (17) consisting of 5 mM G6P disodium salt (Serva), 1.5 mM NADP disodium salt (Boehringer). 3 mM RJBT, 5 mM magnesium chloride, 7.5 mM maleinimide (Fluka; Buchs. Switzerland), 0.15 mM I-methoxyphenazine methosulfare (Serva), 5 mM sodium azide (Serva). and 5% PVA in 0.05 M Hepes buffer. The final pH was 8.0. Maleinimide was used as a specific inhibitor of 6-phosphogluconate dehydrogenase.
After completion of the reaction, sections were rinsed several times with PBS and cowrslipped with Karion F (Merck; Darmstadt. Germany) as mounting medium. In controls. NADPH or G6P was omitted from the incubation medium.
Antibodies and Immunoblotting. All antibodies used in this study were raised in rabbits. Specificity of the antibodies has been described in detail elsewhere [villin antibody directed against villin from chicken intestinal brush border (18); NOS antibody directed against NOS from porcine cerebellum (19); G6PD antibody directed against GGPD from yeast (17)]. The antibody against G6PD was affinity-purified (17).
For immunoblorting, proteins were electrophoretically separated using SDS. 7.5% polyacrylamide gels (SDS-PAGE) and blotted onto nitrocellulose membranes (20). Strips of the membranes were incubated with antibodies directed against NOS (1:2500), villin (1:500), and with the G6PD antibody (approximately 5 pglml) affinity-purified to the purified enzyme (Boehringer). Bound Igs were visualized with peroxidase-conjugated goat anti-rabbit IgG (1:3000) (Bio-Rad. Richmond. CA; blotting grade) and the luminol chemiluminiscence technique (Amersham; Braunschweig. Germany). Antibodies previously absorbed with an excess of the corresponding antigens served as controls,
Immunostaining. Tissue pieces of unfixed cardiac fold and pancreas (conraining the major duct) of four rats were snap-frozen, freeze-dried, embedded in Epon, and processed for immunostaining as described elsewhere (12). Serial semi-thin sections (1 pm) were incubated for 24 hr at 4'C with the primary antibodies diluted with PBS (anti-villin antibody 1:40 anti-NOS 1:lOO; affinity-purified anti-G6PD 5 pglml). After several washes with PBS, the sections were incubated for 45 min at RT with tetramethylrhodamine (TR1TC)-labeled secondary antibodies (1:SO; goat anti-rabbit IgG) (Sigma; Deisenhofen, FRG). Controls were performed with primary antibodies previously absorbed with an excess of the corresponding antigen. The sections were examined with an Olympus BH-2 fluorescence microscope (Olympus; New Hyde Park, NY) equipped with Zeiss optics and an appropriate filter combination for selective visualization of TRITC fluorescence (BH I1 DFC 6; Olympus). 
Results
Brush cells were identified with antibodies against villin as the immunocytochemical marker. As shown in Figures la, 2d . 2f, 2h. and 2k. antibodies to villin enabled brush cells to be clearly distinguished from the surrounding epithelial cells by strong immunostaining of their apical tuft of microvilli (including the rootlets) and delicate staining of the basolateral microvillus-bearing cell margins.
By enzyme histochemistry, strong reactivity for NADPH-d and G6PD was observed in columnar and often pear-shaped epithelial cells clustered in the epithelial lining of the cardiac fold of the stomach ( Figure 2c ) and scattered throughout the epithelium of the major pancreatic duct and its side branches (Figures 2a and 2b) . From their typical location and morphology, these cells most likely represent brush cells. No qualitative differences in the pattern of enzyme reactivity were observed between sections of tissues fixed with 2 % and 4% paraformaldehyde. The only difference between these two fixation procedures was that sections fixed with 4% paraformaldehyde required a longer incubation time to develop the same amount (staining intensity) of reaction product. In control experiments in which no substrates were added, no specific staining was observed (not shown).
In unfixed tissue sections, reaction product specific for both NADPH-d and GGPD was observed in virtually all cells (not shown). Under these conditions, no discrimination between the various epithelial cell types of the surface epithelium was possible (see also Discussion).
Direct evidence for NOS and G6PD in brush cells was obtained in 1-pm serial sections of plastic-embedded tissue in which antibodies to villin were used as a marker for brush cells. Immunostaining of adjacent sections with antibodies against NOS and villin (Figures 2d-2g ) and G6PD and villin (Figures 2h-21 ) demonstrated that both enzymes are also concentrated in these cells. No immunostaining specific for NOS was seen in the surrounding epithelial cells, whereas moderate G6PD immunoreactivity was also visible in all other epithelial cells of the stomach (Figures Ib and 21) and pancreas (Figure 2i ), albeit the staining intensity was clearly weaker in these epithelial cells compared with brush cells. Both G6PD and NOS were localized in the cytoplasm of brush cells, with NOS dis-playing a certain tendency to concentrate along the basolateral cell margins and the cellular apex of brush cells.
In immunoblots of homogenates of rat cerebellum and epithelium of the cardiac fold of rat stomach (prepared according to 12). antibodies to NOS labeled an -160 KD band displaying the same mobility as neuronal NOS purified as described elsewhere (19) (Figure 3) . In the oxyntic mucosa, which is largely devoid of brush cells, NOS was not detectable by immunoblotting. The specificity of immunostaining with antibodies to villin and G6PD was demonstrated by immunoreactivity of these antibodies with an -95 KD band (villin) and -60 KD band (G6PD) (Figure 3) . 3) . homogenized epithelium of rat cardiac fold (Lanes 4,6. and 7), and purified yeast GGPD (Lane 5) incubated with anti-NOS (Lanes 2-4). antiC6PD (Lanes 5 and 6). and anti-villin (Lane 7 ) . Lane 1, Ponceau-stained molecular weight standard.
Discussion
Brush cells represent a structurally distinct epithelial cell population present throughout the epithelial lining of the gasrrointcstinal and respiratory system of both mammalian and submammalian vertebrates. Gastrointestinal tumors with brush cell-like cytological features have also been described (21). On the basis of certain ultrastructural characteristics shared by taste receptor cells (apical tuft of microvilli with long rootlets) and Merkel receptor cells (lateral microvilli), it has been speculated that brush cells might serve as chcmoor volume receptors (9). playing a role in certain aspects of gastrointestinal and bronchopulmonary secretion or motility.
In the present study we provide first clues to a possible function of this widespread epithelial cell type. Brush cells of the gastric cardia and the major pancreatic duct displayed specific immunoreactivity for neuronal NOS and high activity of NADPH-d. NADPH-d of brush cells and other NOS-containing cells (22-25) differs from the ubiquitous NADPH-d found in virtually all cells of the body by its lower degree of sensitivity to fixation with aldehyde. Even in sections of tissues fixed with 4% paraformaldehyde, NADPH-d was still demonstrable in brush cells. Under these rather harsh fixation conditions, NADPH-d activity was largely suppressed in the remaining epithelial cells of the cardia, oxyntic mucosa, and pancreatic duct. It is reasonable to assume that the formaldchyderesistant NADPH-d activity in brush cells is provided by the NADPH-d domain of NOS.
The NOS isoform present in brush cells has not yet been determined. Because NOS in brush cells crossreacted with an antibody specific for neuronal NOS and displayed an electrophoretic mobility on SDS-PAGE identical to that of purified brain NOS (*160 KD). we assume that the brush cell isoform is related to ncuronal NOS.
A further outcome of the present study was the observation that brush cells appear to contain high concentrations of G6PD. This conclusion is based on both immunostaining and histochemical demonstration of its activity. Because G6PD is a major NADPHgenerating enzyme, it is tempting to assume that the high activity (amount) of G6PD in brush cells s e n e to fuel NOS with NADPH.
In these features, brush cells resemble epithelial cells of the macula densa of the kidney, which also display strong enzyme activity for NADPH-d and also mprcss NOS (26). On the basis of the present findings. we conclude that brush cells of the stomach and pancreas represent a specialized population of paracrine cells that use NO as a gaseous messenger molecule. Because brush cells share ultrastructural features of taste receptor cells but do not show any association with ncrw fibers in these locations, it is possible that this specialized epithelial cell type can sense the chemical milieu of the pancreatic and gastric juice. After still unknown stimuli, brush cells might respond by producing NO to control a variety of possible functions. such as blood flow, motility, or secretion.
Recent studies ofNOS activity in the gastrointestinal tract indicated exceptional high activity in stomach tissue (27) . which appears to be at least partly attributable to NOS-containing nerve fibers of the muscular layer (28). These ncrw fiben are thought to be important for the relaxation phase of gastric peristalsis. NO released into the gastric lumen may act as a defense mechanism against swallowed pathogenic microorganisms (29) and might help to protect the gastric mucosa from acid-induced lesions (30). Howmer, one should also consider the possibility that N O might give rise to the formation of harmful N-nitroso compounds that are bclimed to play a role in the pathogenesis of gastric ulcers and cancer (for rcvicw see 24).
